Peptide microarrays bear the potential to discover molecular recognition events on protein level, particularly in the field of molecular immunology, in a manner and with an efficiency comparable to the performance of DNA microarrays. We developed a novel peptide microarray platform for the detection of antibodies in liquid samples. The system comprises site-specific solution phase coupling of biotinylated peptides to NeutrAvidin, localized microdispensing of peptide-NeutrAvidin conjugates onto activated glass slides and a fluorescence immuno sandwich assay format for antibody capture and detection. Our work includes synthetic peptides deduced from amino acid sequences of immunodominant linear epitopes, such as the T7 phage capsid protein, Herpes simplex virus glycoprotein D, c-myc protein and three domains of the Human coronavirus 229E polymerase polyprotein. We demonstrate that our method produces peptide arrays with excellent spot morphology which are capable of specific and sensitive detection of monoclonal antibodies from fluid samples.
Introduction
Miniaturization of standard analytical techniques is a prominent task of biomedical research and development. Special attention is given to microarray technology. Although efficiency and performance of DNA microarray technology have been developed to industrial standards, comparable analytic tools on protein are not available to date. Synthetic low-molecular weight peptides have outstanding properties for use as versatile probes in chip-based analysis. They can be assembled in defined orientation and high density and fully automated synthesis makes them an economically attractive alternative to recombinant proteins.
Peptide microarrays have the potent capacity to provide proteome specific information in a fast and efficient manner compared to traditional assays, e.g. microtiter plate formats. Although promising, this technology has to date been implemented into few studies of both basic and applied research [1] [2] [3] . For one reason, peptide probes are essentially restricted to mimicking linear polypeptide structures. The utility of peptide chips is limited when complex three-dimensional conformations of the parental protein are crucial for a given biological function [4] . Also, a large part of proteome information can be indirectly accessed on the well-established DNA or RNA microarray level. Hence, the peptide chip application, i.e. content, is decisive. More practically, the complexity of peptide sequences, their heterogeneity in chemical and physical properties and the diversity of mechanisms mediat- ing their biological function has restricted the breakthrough of peptide microarray technology, yet.
It is particularly felt that new effective control measures and good diagnostic tools are required for the rapid and reliable detection of viral infections and the monitoring of a patient's immune status. As a result of permanent antigen contact, the human immune system comprises billions of Blymphocytes. The enormous spectrum of antigen specificities is determined by the amino acid composition and the structure of each antigen receptor, i.e. antibody. Encoded by less than 200 gene segments, the diversity of the immunoglobulin repertoire is the result of a complex genetic mechanism, somatic recombination, leading to random combination of immunoglobulin gene segments and the expression of highly variable proteins. Almost any substance can give rise to an immune reaction with secretion of many different antibodies, each of which with a unique specificity and affinity [5] . Clearly, screening the human antibody repertoire for specific molecules is practically impossible with microarray methods working on DNA or mRNA level.
The most commonly used method is based on the detection of antigen specific antibodies from serum samples by conventional ELISA assays. This format offers sensitivity, specificity and automation, and progress was made by replacing structural and non-structural viral proteins with shorter recombinant immunodominant domains [6] . A drawback of the ELISA is the lack of parallelity, i.e., sample multiplexing, which renders the method relatively expensive. Transfer of these immunological assays from microtiter plates into microarray formats increases the frequencies of analytical processes and provides increased reliability of results. The miniaturization is also reflected in material savings and cost reduction.
Currently, peptide microarrays have come into focus for discovery oriented basic biological science as well as new diagnostic tools for clinical applications. Until now, the implementation of peptide microarrays has been reported for the quantitative evaluation of protein kinase activity [7] [8] [9] for the simultaneous detection of pathogen infections [10, 11] , epitope screening experiments [12] and for protease specificity determination [13] . A couple of other studies took advantage of the well-established SPOT technique for in situ synthesis of peptide libraries on cellulose membranes. Among other applications, these arrays were used for the identification of antibody epitopes and mimotopes [14] and identification of peptides and amino acids from the antibody paratope that contribute to antigen binding [15] .
The purpose of this work is to describe the development of a peptide microarray platform for specific and sensitive screening of antibodies from fluid samples. We present a novel and particularly advantageous method for printing of functional peptide arrays using site-specific pre-coupling of biotinylated synthetic peptides to NeutrAvidin (NA) and direct spotting of peptide-NA conjugates (PNAC) onto activated glass surfaces. The introduced peptide chip format is a fluorescence linked immuno sandwich assay (FLISA) and comprises six different monoclonal anti-virus and antiphage antibodies (mAb) and their cognate peptide antigens. A schematic outline of the assay is shown in Fig. 1 . The work includes accurate optimization of the technique and we demonstrate the efficiency of the peptide microarray for antibody detection from buffered solutions and human sera.
Experimental Section

Buffers
Hundred and fifty millimolars of phosphate buffered saline (PBS): 137 mM sodium chloride, 2.7 mM potas-sium chloride, 2 mM potassium di-hydrogen phosphate, 10 mM di-sodium hydrogen phosphate (AppliChem, Darmstadt, Germany, www.applichem.de), pH 7.4. Ten millimolars of PBS: 13.7 mM sodium chloride, 0.27 mM potassium chloride, 0.2 mM potassium di-hydrogen phosphate, 1 mM di-sodium hydrogen phosphate (AppliChem), pH 7.6. PBS-T: 150 mM PBS pH 7.4 + 0.05% (v/v) Tween 20 (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, www.sigmaaldrich.com). Fifty millimolars of HEPES: 50 mM N- (2-hydroxyethyl) piperazine-N -(2-ethanesulfonic acid), 50 mM potassium chloride (AppliChem), pH 7.5.
Antibodies
Monoclonal mouse anti-T7-Tag antibody (T7-mAb) monoclonal mouse anti-HSV-Tag antibody (HSV-mAb) and biotinylated anti-T7-Tag antibody (B-T7-mAb) was purchased from Novagen Inc. (Madison, WI, USA, www.novagen.com). Monoclonal mouse anti-Myc antibody (Myc-mAb) was a product of Oncogene Science (Cambridge, MA, USA, www.apoptosis.com). Monoclonal anti-Pol, anti-Hel and anti-Con antibodies (Pol-mAb, Hel-mAb, Con-mAb) were produced as described by Grötzinger et al. [16] . Cy5conjugated polyclonal goat anti-mouse antibody (Cy5-GAM) was from Jackson ImmunoResearch (Cambridgeshire, UK, www.jacksonimmuno.com).
Peptides and synthesis
Amino acid building blocks (O-pentafluorophenyl esters) were products of peptides&elephants GmbH (Potsdam-Nuthetal, Germany). Rink amide AM resin, N-biotinyl-N -Fmoc-ethylenediamine-MPB AM resin, benzotriazol-1yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP), 1-hydroxybenzotriazole (HOBt), Fmoc-aminohexanoic acid (AHX) and d-biotin-N-succinimidyl ester (Biotin-oSU) came from Merck Biosciences AG (Darmstadt, Germany, www.emdbiosciences.com). Acetonitrile, acetic acid, diethyl ether, dimethyl formamide (DMF), dithiothreitol (DTT), 4-methyl morpholin (NMM), N-methyl pyrrolidone (NMP), piperidine, trifluoroacetic acid (TFA), triisopropyl silane (TIPS) and HPLC-water were bought from Carl Roth GmbH (Karlsruhe, Germany, www.carl-roth.de). 5(6)-Carboxy-tetramethylrhodamin-N-succinimidyl ester (TAMRA) came from Fluka GmbH (Seelze, Germany, www.sigmaaldrich.com).
Peptides were synthesized on a LIPS ® 96 peptide synthesizer (peptides&elephants) as previously described [17] . Briefly, peptides were synthesized in resin pre-loaded Mul-tiPep 96 ® microtiter plates (peptides&elephants) in 2 mol scale using standard Fmoc strategy. The steps for each amino acid coupling were as follows: removal of temporary Fmoc protection groups by three cycles of incubation for 5 min with 20% piperidine in DMF (v/v) followed by five cycles of washing with DMF, double coupling of 8 mol activated amino acid solution (0.2 M in NMP) for 45 min and removal of excess amino acids by five cycles of washing with DMF. For fluorescence labeling of peptide 7, 5(6)-carboxytetramethylrhodamin-N-succinimidyl ester (TAMRA) was coupled to the -amino group of the terminal lysine after selective removal of the Mtt-protection group by five repeats of washing in 100 l 2% TIPS, 2% TFA (v/v) in DCM. A solution of TAMRA/PyBOP/NMM (molar ratios 1/1/2) in DMF was added to the resin with two-fold molar excess of TAMRA to the peptide and incubated for 12 h at room temperature. The coupling was done in duplicate. The resin was washed in DMF till colorlessness of the solvent, five times in DCM and dried. Essentially the same protocol was used for coupling of the aminohexane spacer (AHX). For N-terminal modification of peptides with biotin-OSu, 8 mol of the respective reagent (0.2 M in NMP) was mixed with 16 mol HOBt (0.4 M in NMP). The coupling was done in two extended cycles with 12 h each. Products were washed five times with DMF and additional seven times with DCM. Permanent protection groups were removed and peptides were released from the resin by five cycles of incubation with 150 l 91% TFA, 4% TIPS, 3% DTT and 2% H 2 O (v/v) for 2.5 h. Peptides were lyophilized, re-solved in 100 l TFA and precipitated by addition of 1 ml ice-cold hexane-diethylether solution (50/50). After centrifugation, the supernatants were removed and the peptides were dried at room temperature. Finally, peptides were dissolved in a mixture of 50% H 2 O, 25% acetonitrile and 25% acetic acid, analyzed by mass spectroscopy (Finnigan Surveyor MSQ Plus, Thermo Finnigan, Bremen, Germany, www.thermofinnigan.com) and lyophilized. The peptides used in this work are listed in Table 1 Peptide stock solutions were prepared in 95% H 2 O, 4.9% acetonitrile and 0.1% acetic acid.
Optimization of solution phase coupling of biotinylated peptides to NeutrAvidin
NeutrAvidin (Perbio Science Deutschland GmbH, Bonn, Germany, www.perbio.com) was labeled with Dy-633 NHSester (Dyomics GmbH, Jena, Germany, www.dyomics.com) according to the manufacturer's instructions. Aliquots of labeled NeutrAvidin in HPLC-grade H 2 O (2 mg ml −1 final concentration) were incubated with 2-100-fold molar excess of TAMRA-labeled and biotinylated peptide (No. 7) at +4 • C over night. Peptide-NA conjugates were separated from excess peptide by extensive washing on Ultrafree-0.5 centrifugal filter devices with 30 kDa NMWL (Millipore GmbH, Schwalbach, Germany). Molar peptide/NA ratios (PNR) conjugates in the retentate were determined at 555 and 637 nm wavelength in a Specord 200 photometer (Analytik Jena AG, Jena, Germany, www.analytik-jena.de) using the following equation:
1 DOL ε TAMRA with a correction factor CF of 0.22 for the absorption of Dy-633 NA at 555 nm and a degree of labeling (DOL) of 0.57.
Evaluation of protein concentration, chip substrate, spotting buffer and surface coupling kinetics
Dy-633 labeled NA was diluted to 0.1-1 mg ml −1 in 10 mM PBS pH 7.6 [20] or 50 mM HEPES pH 7.5 with supplementations of 0.5-1% trehalose or 5-10% glycerol (AppliChem). Solutions were spotted with the sciFLEX Arrayer piezoelectric dispenser (Scienion AG, Berlin, Germany, www.scienion.de) at dew point temperature onto amine and aldehyde coated glass slides (Genetix GmbH, München, Deutschland, www.genetix.com) and epoxy slides (Eppendorf GmbH, Hamburg, Deutschland, www.eppendorf.com). Printed slides were incubated in moist chambers for 0-96 h at room temperature. The surface coupling of NA was stopped by drying the slides for 10 min at 30 • C and subsequent blocking with 10% (w/v) skim milk (AppliChem) in 150 mM PBS-T pH 7.4 for 1 h at room temperature with slow rotation. Slides were rinsed with deionized water and dried in nitrogen. Surface immobilized NA was measured with the 428 ArrayScanner (Affymetrix, Santa Clara, CA, USA, www.affymetrix.com) and quantified using the ImaGene V5.5 software (Biodiscovery, El Segundo, CA, USA, www.biodiscovery.com). The fluorescence intensity of the spots was related to the density of the NA-layer on the chip surface using a calibration curve prepared with defined concentrations of the same Dy-633 NA conjugate.
Long-term stability and functionality of NeutrAvidin immobilizates
Dy-633 labeled NA was printed in 0.4 mg ml −1 concentration (10 mM PBS pH 7.6) with the sciFLEX Arrayer at dew point temperature onto amine and aldehyde coated glass slides (Genetix GmbH). Slides were incubated in moist chambers for 24 h at room temperature. Excess NA was removed by washing for 1 h in PBS-T + 10% skim milk. Next, the slides were immersed in buffered saline pH 7.4 and incubated at 37 • C. After periods of 0-144 h, two slides of each surface type were withdrawn and probed with biotinylated and Dy-547 labeled anti-T7-mAb (2 g ml −1 in PBS-T, 2 h, room temperature). The slides were washed three times in PBS-T, rinsed in deionized water and dried in nitrogen. Surface bound NA and biotin-mAb was measured in the Cy5 and Cy3 channel of the Affymetrix 428 ArrayScanner and quantified using the ImaGene V5.5 software. The amount of immobilized NA and mAb at the point of time t i is expressed as a percentage of initial relative fluorescence (RFU 0 ) to the time t 0 on the respective surface:
Antibody detection assays
Peptide-NA conjugates of peptides 1-6 were made by incubation of 2 mg ml −1 NA with five-fold molar excess of peptide for 12 h at +4 • C. Without further purification, PNACs were spotted with the sciFLEX Arrayer in 0.4 mg ml −1 concentration in 10 mM PBS onto amine coated glass slides at dew point temperature. Printed slides were incubated in moist chambers for 24 h at room temperature, dried and blocked by 1 h washing in PBS-T + 10% skim milk with slow rotation. Dilutions of the six monoclonal antibodies (1 g ml −1 final concentration each) were spiked into 150 mM PBS-T pH 7.4 + 3% skim milk or into human serum (Sigma-Aldrich Chemie GmbH), 1:50 diluted in PBS-T. Chip incubation was 3 h for PBS samples and over night at +4 • C for serum samples. After washing, incubation with 10 g ml −1 Cy5-GAM in PBS-T + 3% skim milk for 2 h at room temperature was maintained. A second cycle of stringent washing, rinsing in deionized water and drying in nitrogen followed. The slides were scanned and analyzed. Fluorescence signals were evaluated by determination of the ratio between PNAC spots and NA reference spots (signal/background ratio, SBR):
The limit of detection (LOD) for each type of PNAC was determined using slides incubated only with PBS or diluted serum and Cy5-GAM:
Results and discussion
Aim of our work is the development of peptide microarrays for the specific and sensitive detection of antibodies from fluid samples, i.e. human serum. Our approach is based on synthetic peptide probes with biotin linkers for site-specific immobilization via biotin-avidin affinity on activated glass substrates. When full protein sequences are reduced to short peptides, e.g. an immunodominant linear epitope, a high percentage of the remaining functionalities can contribute to the peptide-protein interaction and, consequently, modification of these functions reduces the native affinity. Immobilization strategies are required which react orthogonal to multivalent amino acid residues. Site-specific coupling of peptides to solid supports was reported using covalent methods [8] [9] [10] [11] 21] and taking advantage of the biotin-avidin interaction [21] . To our experience, however, the biotin-avidin affinity binding, although well characterized and frequently used, is unexpectedly challenging on the chip surface with nanoliter volumes of peptide solutions. In particular, the spotting buffer has to be optimized for individual physicochemical properties of peptides and steric interference on the surface can drastically reduce the coupling efficiency. To address this problem, we established a novel strategy using solution phase pre-coupling of biotinylated peptides to NeutrAvidin and direct spotting of conjugates onto activated surfaces. This method is particularly advantageous, since the peptides contribute to less than 10% of the mass of conjugates and therefore, the physico-chemical properties of the PNACs are almost exclusively determined by the NeutrAvidin, uniforming the handling of entire peptide libraries. To optimize the peptide/protein ratio for the pre-coupling, we tested the NA saturation using different molar excesses of fluorescence labeled biotinylated peptide with constant protein concentration of 2 mg ml −1 and over night incubation. The results are presented in Fig. 3 . The diagram shows the inset molar peptide excess in relation to the resulting NA saturation. A five-fold molar peptide excess almost leads to saturation of the NA binding capacity of four biotin molecules. Higher excesses further drive the coupling to saturation, but reduce the efficiency of the reaction. The results underline the reliability of solution phase coupling of biotinylated molecules to avidin. Using the presented reaction conditions, a molar peptide/protein ratio of 5:1 is suggested for efficient pre-coupling of biotinylated peptides to NA. The small amount of free peptide in solution after coupling eliminates the need for separation of unbound molecules prior to spotting. In addition, higher proportions of peptide solvent can drastically reduce the binding of NA to the chip surface (data not shown).
In principle, the immobilization of PNACs on glass surfaces can occur covalently or by simple adsorption. Various types of surface chemistries can be considered, with aldehyde and epoxy surfaces for covalent and amino surfaces for adsorptive coupling being the most popular, since prefabricated slides are readily available. We tested the specified chip substrates in terms of suitability for immobilization of PNACs. Simultaneously, the optimum protein concentration for the microdispensing and a suitable spotting buffer was to be determined. The results of these experiments are depicted in Fig. 4 . Fig. 4a shows images of the surfaces after printing of different PNAC concentrations and removal of unbound molecules, the diagram in Fig. 4b displays the relative fluorescence intensity of the spots. Fig. 4c shows the reaction course of adsorptive NA immobilization onto amino silane for a selection of different buffer compositions. Fluorescence intensities are related to the density of NA molecules per square millimeter. The physisorption of NA on amino silane surfaces leads to the highest density of the protein layer with simultaneously good spot morphology and low spot-to-spot and chip-to-chip deviations. The aldehyde and epoxy surfaces exhibit lower binding capacities and result in unfavorable spot morphology, however, surface tailored spotting buffers may improve this effect. Increasing the spotted protein concentration from 0.1 to 0.4 mg ml −1 results in a strong gain in surface density while this effect is significantly lower with further increase from 0.4 to 0.6 mg ml −1 . 0.8 and 1.0 mg ml −1 protein concentration lead to spotting artefacts, e.g. comets and smearings, and are not considered for data evaluation. For the adsorption of NA (0.4 mg ml −1 ) to amino silane, highest protein densities of approximately 10 10 molecules/mm 2 are achieved using pure 10 mM PBS buffer for spotting. The reaction reaches saturation state after 18-24 h. All buffer supplements lead to a slower reaction rate and 20-50% reduced protein binding. Our findings are consistent with previous reports that adsorptive binding of proteins leads to the potentially highest density of surface layers, but this reaction can be relatively slow due to the rate of protein arrangement and partial unfolding on the surface [22] . The current protein density using 0.4 mg ml −1 NA corresponds to approximately 30% of the theoretical monolayer, assuming an idealized globular NA molecule with a footprintsize of 20 nm 2 [23] . With an average of 1.5 solution exposed binding sites per NA molecule, the surface contains at least 30 fmol peptide probes per square millimeter readily available for antibody capture.
Protein adsorbates, however, are less stable than covalently linked immobilizates. Continued desorption of PNACs in the course of microarray processing, e.g. incubation and washing, can cause significant decrease of the entire assay sensitivity as a result of reduced binding capacity in the spots and simultaneous competition of antibodies with free peptide ligands in solution. To address this issue, we determined the rate of desorption of NA immobilizates from amine coated glass slides during incubation in physiological medium and compared the results with the desorption from aldehyde coated slides. Fluorescently labeled NA was spotted in 0.4 mg ml −1 onto both amine and aldehyde coated glass slides and incubated in buffered solution at 37 • C for 0-144 h. At specified points of time, the remaining NA density in the spots as well as the activity of the adsorbates, i.e. the biotin binding capacity, was determined. Fig. 5 shows the outcome of the investigation. The diagram displays the percentage of surface detected NA amount and activity in relation to the period of incubation. On either surface, a considerable desorption of NA is observed during the first 24 h of incubation, associated with a comparable loss of biotin binding capacity. Further incubation leads to marginal desorption. The protein density adjusts at about 15-20% of the initial layer. Hence, protein adsorbates on amino silane are sufficiently stable for microarray applications which normally involve physiological conditions and short terms of incubation and washing. Interestingly, immobilizates on aldehyde surfaces that have the capacity for covalent binding desorb in a highly similar way to the adsorbates. Most likely, reversion of initially formed Schiff's base intermediates between primary amines of NA and aldehyde groups on the surface results in release of the protein. Mild reduction of the Schiff's Base, however, yields a stable covalent bond and may eliminate the observed effect.
To prove the suitability of our peptide microarray concept for antibody detection, we spiked the six model monoclonal antibodies into PBS buffer and diluted human serum with 1 g ml −1 final concentration of each mAb. The solutions were analyzed on peptide microarrays using 3 h incubation at room temperature for the PBS sample and over night incubation at +4 • C for diluted serum. The results of these experiments are displayed in Fig. 6. Fig. 6a shows an exemplary fluorescence image of the peptide microarray after antibody incubation in grey scale, Fig. 6b the quantitative evaluation of signal/background ratios. All antibodies are successfully detected well above the detection limit. The peptide microarray exhibits clearly defined and very homogeneous spots. Signal-to-background ratios of the antibody detection range from 36 (T7-mAb) to 125 (Hel-mAb). Importantly, no unspecific signals are observed when the arrays are selectively incubated with only one type of mAb (data not shown). Our results confirm the benefits of utilizing conjugates of pep- tide probes and a carrier protein for the chip production. The peptide specific physico-chemical characteristics, e.g. pI and hydrophobicity, are leveled by those of NeutrAvidin, leading to unified properties of the spotted molecules and clearly improved spot morphology, thus paving the way for standardized protocols. The differences in quantitative detection are presumably the outcome of unequal antibody affinities to the cognate peptide antigens. In addition, the native mAb affinity can be considerably altered by the surface presentation of the peptide antigen, e.g. the accessibility of the binding site and the immobilization direction. This is an important issue of our current research and optimization efforts.
Conclusions
Peptide microarrays provide an attractive approach for highly parallel antibody profiling of serum samples. In this work, we have described a novel method for site-specific immobilization of peptide probes on activated glass slides taking advantage of the fast and efficient solution phase pre-coupling of biotinylated peptides to NeutrAvidin followed by localized microdispensing of peptide-NeutrAvidin conjugates. Our method produces microarrays with excellent spot morphology and eliminates the need for laborious, expensive and often technical complex slide surface preparation. The technique of site-specific pre-coupling of peptides and Neu-trAvidin is particularly advantageous to unify the physicochemical properties of heterogeneous peptide libraries for standardized spotting and chip production methods. We conclude that our combination of fully automated peptide library synthesis and the utilization of peptides as variable probes in microarray applications shows good promise for implementation in clinical immune diagnostics.
